This paper presents a numerical model for a flexible tethered satellite system in both planar and co-planar environment. This tethered satellite system consists of three rigid bodies with two flexible tethers, each connecting two rigid bodies with one located in the center serving as the mothership. The dynamics of the system include tether deformations, rotational dynamics and orbital mechanics. Five different materials that are commonly used will be tested accordingly in order to observe its performance based on the tension of the tether. It is found that, based on all of the materials simulated, diamond has the best tension performance. Nomenclature ρ density of material E modulus of elasticity of material A cross sectional area of tether R distance of the TSS from the center of the Earth θ true anomaly ψ in-plane libration angle α out-of-plane libration angle M P mass of payload M M mass of central spacecraft µ Earth's gravitational constant r P radius of payload r M radius of central spacecraft q 1,2,3 modal coordinate for longitudinal, transverse and lateral vibration
Introduction
A tethered satellite system (TSS) is a system consisting of few spacecrafts connected by a tether, which is in a form of a very thin cable made of different materials depending on its suitability to the space mission requirements. Throughout the years, TSS has been utilised as a mode of transportation, propulsion system, tidal stabilisation and many others [2, 5, 6] . Most of the previous work done on TSS are focused more on just a rigid model due to the non-complex nature of the system dynamics [1] . Although this approach is rather direct and simple, the overall investigation on the tethered system performance behaviours would not be precise and accurate when it comes to real life environment [3, 7] . In addition, only one material was used in most works. Thus various materials of different strength are compared in this paper through tension performance of the tether. Governing equations of a flexible TSS are developed utilizing the Lagrangian approach [4] .
The Design of Dynamic Model
Three spacecrafts and two flexible tethers with each one connected in between two bodies were considered in this paper. The rigid bodies are not considered as point mass but as a form of a solid cylindrical shape, taking into account the existing rotational motion of the system. The entire TSS is flying in a circular orbit at 350 km altitude within Low-Earth Orbit (LEO) region. In the co-planar 
model, two types of displacement were identified from the tether deformation within the X-Y axis having a displacement via the longitudinal direction, u and the transverse direction, v. In addition, there is another displacement in the lateral direction denoted by w along Z-axis. Based in Fig. 1 , the earth was chosen as the global reference frame while the second spacecraft that is located in the middle acts as the center of mass and point of origin for the relative rotating frame X 0 -Y 0 . The air drag perturbation is deemed not critical and gravity is uniform for all rigid bodies.
(a) (b) Figure 1 : Coplanar (a) and Non-Coplanar (b) model for a flexible tethered satellite system (TSS)
The mathematical model was established using the conservation of energy method by summing the total kinetic energies, both translational and rotational, and the total potential energies of the three rigid bodies and two flexible tethers for both coplanar and non-coplanar cases. Apart from that, the Bubnov-Galerkin method was employed for separating variables of elastic displacements since u(x,t) and v(x,t) are functions of both space and time, respectively. The equations below show the total kinetic energy, T k and the total potential energy, U p respectively for a coplanar model [1] .
(1)
On the other hand, the total kinetic energy and potential energy for non-coplanar are as follow [2] :
(3)
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The Lagrange's equation is then utilized to formulate the equations of motions for the flexible tether system based on the selected generalized coordinates.
Five generalized coordinates were chosen whereby, {q k }={ψ,θ,R,q 1 ,q 2 } for the coplanar case, while eight generalized coordinates were chosen whereby, {q k }={ψ,θ,α,γ,R,q 1 ,q 2 ,q 3 } for the non-coplanar case. The Mathematica software is then used to perform numerical estimations.
Numerical Estimation. The parameters for simulations involving both coplanar and non-coplanar models are as illustrated in Table 1 . The tether motions are based on initial conditions; ψ(0) = -0.9 rad, ψ' (0) = 0 rad/s, u(0) = v(0) = 0 m, u'(0) = v'(0) = 0 m/s for coplanar model. Similarly, the non-coplanar model still incorporates the same initial conditions as the coplanar model but with additional initial conditions with w(0) = w'(0) = 0 m/s, α(0) = -0.9 rad, α' (0) = 0 rad/s. Both models are subjected to a 300 kNm of torque for a motorised case. The properties for six types of materials for tether are Tungsten wire (ρ = 19.3 g/cm 3 , E = 410 kN/mm 2 ), Nylon (ρ = 1.14 g/cm 3 , E = 5 kN/mm 2 ), Kevlar-49 (ρ = 1.45 g/cm 3 , E = 130 kN/mm 2 ), Spectra-2000 (ρ = 0.97 g/cm 3 , E = 113 kN/mm 2 ), Silicon Carbide (ρ = 3.2 g/cm 3 , E = 700 kN/mm 2 ), and Diamond (ρ = 3.5 g/cm 3 , E = 1050 kN/mm 2 ).
The tether tension performance for tungsten in coplanar (line) and non-coplanar (dashed-line) case are shown in Fig. 2 . Tungsten shows a rather unique result compared to other considered materials due to its highest density which is 19.3 g/cm 3 , but has the lowest tension of all with just 934.5 N and 25.2 N for non-coplanar and planar cases, respectively. The tether tension is undergoing a periodic oscillation from the beginning right up to the 10 th orbit, with a tension of approximately 25.2 N for the coplanar case. However, there is an increase in tension for the noncoplanar case whereby it increases beginning from the 6 th orbit and reaches a tension about 934.5 N. Both Nylon and Spectra-2000 show a very similar tension increment for the case of coplanar but the tension in Spectra-2000 is a little higher at 44,036 N while the non-coplanar is at 77,858 N. Based on the results, Spectra-2000, a type of fiber, has the highest tension among all materials tested. Apparently the tension of tether for all non-coplanar models are higher than the coplanar model due 
Conclusions
By comparing the results, Spectra-2000 has the highest tension while tungsten wire has the least for both coplanar and non-coplanar case. Therefore, from this study, there is significant difference between coplanar and non-coplanar motion where the tension of the tether is concerned. This will determine how long each material can last before it eventually break for this kind of environment setting. Even though tungsten wire has the lowest amount of tension, it tends to oscillate frequently in comparison to the rest before slacking as shown in Fig. 2 for both coplanar and non-coplanar cases. Since diamond has the least amount of oscillations and oscillate with the lowest amplitude compared to the rest in the non-coplanar case and yields the least amount of tension before slacking in the planar case as in Fig. 2 , it can be concluded that diamond has the best tension performance.
